Background Previous studies on the association between childhood infections and childhood leukaemia have produced inconsistent results, likely due to the recall error/bias of infection data reported by the parents. The current study used a population-based and recordbased case-control design to evaluate the association between childhood leukaemia and infections using the National Health Insurance Research Database of Taiwan.
Background Previous studies on the association between childhood infections and childhood leukaemia have produced inconsistent results, likely due to the recall error/bias of infection data reported by the parents. The current study used a population-based and recordbased case-control design to evaluate the association between childhood leukaemia and infections using the National Health Insurance Research Database of Taiwan.
Methods
In all, 846 childhood acute lymphoblastic leukaemia (ALL) and 193 acute myeloid leukaemia (AML) patients newly diagnosed between 2000 and 2008, aged 41 and <10 years, were included. Up to four controls (3374 for ALL and 766 for AML) individually matched to each case on sex, birth date and time of diagnosis (reference date for the controls) were identified. Conditional logistic regression was performed to assess the association between childhood leukaemia and infections.
Results
Having any infection before 1 year of age was associated with an increased risk for both childhood ALL (odds ratio ¼ 3.2, 95% confidence interval 2.2-4.7) and AML (odds ratio ¼ 6.0, 95% confidence interval 2.0-17.8), with a stronger risk associated with more episodes of infections. Similar results were observed for infections occurring 41 year before the cases' diagnosis of childhood leukaemia.
Introduction
Leukaemia is the most common cancer among children, accounting for approximately one-third of all childhood cancers. 1 The two major histological subtypes of childhood leukaemia are acute lymphoblastic leukaemia (ALL) and acute myeloid leukaemia (AML). 2 Approximately 10% of childhood leukaemia cases can be explained by sex, age, race, exposure to ionizing radiation and congenital diseases (e.g. Down syndrome, neurofibromatosis); 3, 4 however, the causes of most childhood leukaemia remain unknown. Greaves' 5 'delayed infection' hypothesis states that microbial exposures during early childhood are critical for the normal development of immune function. A lack of sufficient early-life microbial challenges may result in a dysregulated immune response to infections when encountered later in childhood, leading to the development of leukaemia. 5 Kinlen's 6 'population mixing' hypothesis states that an elevated risk of childhood leukaemia may result from increasing contact between susceptible and infected individuals coming from different geographical populations. The 'population mixing' hypothesis suggests the existence of a specific leukaemia-causing agent(s), whereas the 'delayed infection' hypothesis does not; however, the common factor in both hypotheses is the abnormal immune responses to infections, which may lead to the development of childhood leukaemia.
Studies of the association between infections and childhood leukaemia have been conducted with proxy measures of infections such as day care attendance and birth order and with direct measures of infections. In a meta-analysis of 14 studies, Urayama et al. 7 reported an inverse association between day care attendance and childhood ALL [combined odds ratio (OR) ¼ 0.76, 95% confidence interval (CI) 0.67-0.87]. The association between childhood ALL and birth order is less consistent than that for day care attendance, with some showing an inverse association, [8] [9] [10] [11] [12] whereas others reported either a positive association 13, 14 or a null association. [15] [16] [17] [18] [19] Thirteen studies have examined the association between early childhood infections and risk of childhood leukaemia, mostly focusing on infections occurring before 1 year of age and ALL. 10, 12, 13, [15] [16] [17] [20] [21] [22] [23] [24] [25] [26] These studies have produced inconsistent results on the relationship between childhood leukaemia and early childhood infections, with seven reporting an inverse association, 10, 12, 13, 15, 17, 21, 26 four reporting a null association 20, [23] [24] [25] and two reporting a positive association. 16, 22 Eleven 10, 12, 13, [15] [16] [17] 20, 21, 23, 25, 26 of the 13 studies relied on self-report by the parents to obtain the child's infection history, which can be subject to recall error/ bias. Of the two studies that used medical records for the child's infection history, one reported a null association 24 and the other reported a positive association. 22 Though 12 of the 13 studies were population-based studies with cases and controls recruited from the same source population, the participation of cases and controls was not 100%. This could have affected the accuracy of the results if participants and non-participants had different characteristics (e.g. socio-economic status) that may be associated with both childhood infections and leukaemia.
To avoid the potential problems associated with recall error/bias and non-participation, the current study used the population-based and record-based case-control design to evaluate the association between childhood infections and childhood leukaemia using data of 1039 childhood leukaemia cases and 4140 controls from the National Health Insurance Research Database (NHIRD) of Taiwan.
Materials and Methods
This study was approved by the Institutional Review Board of the National Health Research Institutes, Taiwan.
Data source
The data used for the current analysis came from the NHIRD, which is a population-based database generated for medical research using the administrative and health claims data recorded by Taiwan's National Health Insurance (NHI) programme. Taiwan's NHI program is a single-payer programme launched on 1 March 1995 and covers $99% of the 23 million Taiwanese citizens. Health-care facilities contracted under the NHI provide the insurees of the NHI with inpatient care, ambulatory care, dental care and prescription drugs. The claims data of the NHI are routinely monitored by the Bureau of the NHI for their accuracy and completeness. 27 
Subject selection
Two data sets of the NHIRD were used for subject selection Patients diagnosed with malignant tumours are eligible to apply for a certificate of catastrophic illness to be exempted from all copayments. Because of this financial incentive, almost everyone with cancer in Taiwan has a certificate of catastrophic illness; thus, the identification of cancer cases from the Catastrophic Illness Dataset should be nearly 100%. In addition, to apply for the certificate of catastrophic illness, one is required to have an official certificate of diagnosis from the hospital; thus, the cancer cases identified from the Catastrophic Illness Dataset should be accurate. The date recorded in the Catastrophic Illness Dataset or the first date of inpatient claims for childhood leukaemia, whichever came first, was considered the date of diagnosis. Infant leukaemia cases (leukaemia diagnosed at age 1 year or younger) were excluded because their pathogenesis is distinctly different from non-infant childhood leukaemia. 3 To capture the full infection history from birth, leukaemia cases diagnosed at age 10 years or older were excluded (the earliest available data in our database are from January 1, 1999 
Data collection Infections
History of infection during two time periods, before 1 year of age and 41 year before the patient's diagnosis (reference date for the matched controls), was identified from two NHIRD files: (i) Ambulatory Care Expenditures by Visits and (ii) Inpatients Expenditures by Admission. The infectious conditions included otitis media (ICD-9-CM codes: 381 and 382), acute respiratory infections (ICD-9-CM codes: 460-466), pneumonia and influenza (ICD-9-CM codes: 480-488), unspecified bronchitis (ICD-9-CM code: 490), intestinal infectious diseases (ICD-9-CM codes: 001-009), conjunctivitis (ICD-9-CM code: 372.0-372.3, 771.6) and infections specific to the perinatal period (ICD-9-CM code: 771). Before 2000, diagnoses in the NHIRD were recorded in A-codes or ICD-9-CM codes (only ICD-9-CM codes have been used since 2000). As the A-code system groups infectious and noninfectious conditions under the same code, it was impossible to determine the definite infection status for some subjects, and a 'possible' infection status was given to those subjects. Infections diagnosed within 1 year before the patient's diagnosis of leukaemia were not considered for the analysis to avoid reverse causality, as the development of childhood leukaemia may influence one's immune status and susceptibility to infections.
Covariates Socio-economic status was measured by the insured payroll-related amount of the primary insuree (mostly either the father or the mother and sometimes a grandparent), with 17 880 New Taiwanese dollars being the lowest insured payroll-related amount ($623 US dollars). Although the insured payrollrelated amount is set according to each individual's income level, the reimbursement and the co-payment are the same for every insuree regardless of his/her insured payroll-related amount. Therefore, the level of reimbursement should not have an influence on the number of clinical or hospital visits in our study, and was thus not included as a covariate. We included one other covariate, the level of urbanization, which was determined by the city of residence according to a published categorization scheme. 29 
Statistical analysis
The distributions of insured payroll-related amount and urbanization levels between cases and controls were compared using chi-squared tests. Conditional logistic regression was performed to generate OR and 95% CI estimating the risk of ALL or AML associated with having specific infections or any infections (Yes/No) and the number of clinical visits for each specific infection or any infections (OR calculated for each visit increment). In addition, the total number of visits for any infections was categorized into four groups (0, 1-5, 6-10 and 410 visits) for analysis. As the number of subjects with a 'possible' infection status is small, the interpretation of the ORs comparing the 'possible infection' with the 'no infection' group may not be meaningful and is not recommended. Subjects aged 2 years or younger were excluded from analysis examining the association between infections occurring 41 year before diagnosis and childhood leukaemia.
Stratified analyses were performed by age groups for ALL only (age 2-5.9 years vs age 6-9.9 years) and by urbanization levels (high urbanization vs low urbanization) and insured payroll-related amount for both ALL and AML. Immune-related factors are thought to have particularly strong contributions to the occurrence of childhood ALL among children aged 2-5.9 years. 5 Urbanization levels and socio-economic status may influence the opportunities for infectious exposures. The heterogeneity of the association between infection and childhood leukaemia by age groups, urbanization levels and insured payroll-related amount was evaluated by the log-likelihood ratio test comparing the conditional logistic regression model with the interaction term (infection Â age groups, infection Â urbanization level or infection Â insured payroll-related amount) with the model without the interaction term.
As adjustment for insured payroll-related amount and urbanization levels produced ORs that were similar to those without adjustment, the insured payrollrelated amount and urbanization levels were not included in the final statistical models.
Results
A total of 1039 childhood leukaemia cases and 4140 controls (846 ALL cases and 3374 matched controls; 193 AML cases and 766 matched controls) were identified from the NHIRD for our analysis. Most of the ALL cases (53%) were between 2 and 4.9 years, whereas the 5-to 9.9-year-old patients were the largest group (46%) for AML (Table 1 ). There were more males than females for both ALL (58% male) and AML (54% male). The cases and controls did not differ in the distribution of insured payroll-related amount or urbanization levels.
An increased risk of childhood ALL was associated with infections occurring before 1 year of age, especially for acute respiratory infection (OR ¼ 3.4, 95% CI 2.3-4.9; Table 2 An increased risk of childhood AML was associated with infections occurring before 1 year of age, specifically for acute respiratory infection, pneumonia and Table 1 Characteristics of cases and controls by childhood leukaemia subtypes, Taiwan, 2000-08
Characteristics
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Case Control The relationship between childhood ALL and infections did not differ by age (Table 4 ). In addition, urbanization levels and socio-economic status did not modify the association between infections and childhood ALL or AML (Supplementary Tables S1 and S2 , available at IJE online).
Discussion
In the current analysis based on computerized health insurance claims data, we observed a positive association between childhood leukaemia and childhood infections, which is consistent with one 22 of the two previous studies that used medical records. The other record-based study reported a null association, 24 whereas 7 10, 12, 13, 15, 17, 21, 26 of the 11 10, 12, 13, [15] [16] [17] 20, 21, 23, 25, 26 studies using parental report of the child's infection history observed an inverse association.
The major strength of our study is that the infection data of the study subjects were obtained from computerized health insurance claims data, which are not subject to recall errors/bias. Parents are likely to recall the infection history of their children inaccurately, especially for those that occurred more remotely in the past. In a previous case-control study of childhood leukaemia, the authors observed that parents tended to under-report infectious events of their children, even for those with visits to general practitioners. 30 Contrary to the popular notion that the case parents might ruminate more about the exposure history of their children compared with the control parents, the authors found that the case parents were more likely to under-report their children's infectious events than the control parents. 30 The inaccurate reporting by the parents could have easily produced the weak inverse association between childhood infection and childhood leukaemia observed by the previous studies. 10, 12, 13, 15, 17, 21, 26 Opposite results have been observed between those generated with medical record data and parental report. Among children who attended regular social groups outside the home, an increased risk of childhood ALL (OR ¼ 1.7, 95% CI 1.1-2.5) with at least one infectious episode in the first year of life was observed using medical record data, whereas data reported by the parents produced an inverse association (OR ¼ 0.7, 95% CI 0.5-0.9). 30 Another potential factor leading to the inverse association between childhood leukaemia and early childhood infection by parental report is that the date of leukaemia diagnosis, which is used as the reference date for the controls, may not be as clear for the control parents, so they may tend to report exposure after the reference date; this phenomenon has been observed with parental report of the child's allergy status. The results of the current study suggest that children who develop leukaemia may have dysregulated immune function that is already present in early childhood, causing them to react strongly to infections and thereby requiring clinical attention. This is supported by a study that showed that among children with ALL, the number of clinically diagnosed infectious episodes increased with increasing indices of infectious exposure (birth order, regular social activity outside the home and deprivation level), whereas the infectious levels among controls did not differ by the indices of infectious exposure. 30 Another study reported that children with ALL had a lower neonatal level of interleukin 10, a key regulator for the intensity and the duration of immune response to infections, compared with healthy children, suggesting that the dysregulated immune function of children with ALL could be present already at birth. 32 The degree to which infections influence leukaemia risk in a positive rather than a protective manner may relate to the severity of response. In our current study, this risk induction appears to be shared by both AML and ALL diagnoses, whereas the protective risk modulation impact from exposure to infections (e.g. from other childhood contacts at day care) appears to be exclusively relevant for lymphocytic diagnoses. 7, 10 Strong reactions to infection include high fever, swelling and redness and recruitment of immune effector cells to the site of infection. The resulting cytokine 'storm' may result in inflammation, tissue and cell damage and release of excessive reactive metabolites that may contribute broadly to leukaemogenesis in the same manner that chronic inflammation is known to contribute to carcinogenesis. 33, 34 Rather than contributing only to immune modulation, normal infections that result in enough severity to warrant a physician visit may have the opposite impact and contribute to risk of AML and ALL. This contribution to risk of AML may be larger because of the capacity of myeloid cells to generate highly reactive oxygen metabolites. 34 The results of the current study do not negate the consistent inverse association between childhood leukaemia and day care attendance, which supports Greaves' 'delayed infection' hypothesis, as medically diagnosed infection and day care attendance are measuring different attributes. When studying the association between infection and childhood leukaemia, it is important to distinguish between strongly symptomatic infections and weakly or asymptomatic infections. 35 Measures of medically diagnosed infections reflect the underlying immune dysregulation of children with leukaemia, whereas weakly or asymptomatic infections, which may be better assessed by proxy measures such as day care attendance and birth order, are likely the major players in modulating the normal immune development. For example, commensal bacteria in the intestine can modulate immune function by driving regulatory T-cell differentiation and promote the differentiation of T H 1 cells to induce the normal shift of the T H 2-dominant immune profile to the T H 1-dominant immune profile during early childhood. 36 Composition of the intestinal microbiota in The results of the current study should be interpreted in the context of several limitations. It was not possible to analyse the data by molecular subtypes because the NHIRD does not have information on the molecular subtypes of childhood leukaemia. In addition, the NHIRD does not contain data on other infection-related factors, including birth order and day care attendance. Finally, only infectious events with visits to the health providers are recorded by the NHIRD. Given the universal health coverage and the easy access to health-care providers in Taiwan, the percentage of children with strongly symptomatic infections who did not visit a physician is likely low; however, the study could have missed minor infectious episodes that were not treated by physicians.
In summary, the current study suggests that children with leukaemia may have a dysregulated immune function present at an early age, resulting in more episodes of symptomatic infections compared with healthy controls. However, confounding by other infectious measures such as birth order and day care attendance could not be ruled out because of the lack of information. In addition, the results are only relevant to the medically diagnosed infections and not to asymptomatic infections or infections not requiring medical attention.
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